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Energy loss is a well-established engineering concept that when applied to evaluating
the performance of native heart valves and valvular prostheses has the potential for
providing valuable information about the impact of valve function on myocardial per-
formance. The concept has been understood for many years, but its routine application
has been hindered not only by a lack of understanding of its meaning but also because
of the lack of investigational tools to easily obtain the data necessary for its estimation.
Today the gathering of that information is becoming easier, and thus the time has
come to revisit the efficacy of energy loss for evaluating heart valve performance.
This review defines what energy loss is, how it is measured, and how it might be ap-
plied to clinical situations of heart valve disease to better understand the impact of val-
vular disease on ventricular function.
E
ven though in the early 1950s Gorlin and Gorlin1 developed an equation using
data obtained from cardiac catheterization findings that allowed the calculation
of the functional valve area of a diseased native heart valve, the focus of as-
sessing diseased valves for many clinicians remained the peak gradient across the
valve.
After the first successful mitral valve replacement by Starr, reported by Starr and
Edwards,2 and orthotopic aortic valve replacement by Harken and associates,3 both in
1960, clinicians were merely pleased that a prosthetic heart valve was substantially
better than the very diseased native valve it replaced. Little attention was initially
paid to the hemodynamic performance of the first caged ball prostheses, which pro-
vided at least moderate gradient relief and essentially no regurgitation once the ball
was seated.
Not until there came the realization that the initial prostheses could be improved
and competitive prostheses became available did there evolve an interest in assessing
and promoting the hemodynamic performance of prostheses. In the 1960s Edwards
first used peak gradient to describe the performance of the Starr-Edwards valvular
prosthesis. Over the course of the next several decades, particularly after echocardi-
ography became an accepted clinical tool, investigators and clinicians gradually re-
fined the assessment of valve performance, albeit concentrating principally on the
systolic performance of aortic prostheses and the diastolic performance of mitral pros-
theses, as though valvular regurgitation were of little importance.
Peak gradients gave way to mean gradients. Mean gradients were in turn overshad-
owed by valve areas. Valve areas were then indexed to body size and finally measured
in vivo to yield indexed effective orifice areas. Yet none of these accounts for valvular
regurgitation, nor do they accurately represent prosthetic performance in all specific
clinical settings.
In 1987 Leefe and Gentle4 wrote about energy loss as it related to native and pros-
thetic valve performance. The concept could account for some of the shortcomings of
previous valve performance assessments, but the information necessary to calculate
energy loss was not clinically easy to obtain. They stated in that publication, ‘‘the
full potential of the energy loss method has not yet been fully realized.’’ We believe
that statement still holds true.
Today, with sophisticated echocardiographic techniques the accumulation of the
necessary data to estimate energy loss is much easier; yet the concept remains under-
used and generally not well understood. The purpose of this presentation is to describe
what energy loss means, how it is measured, and how it might be of help to clinicians
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Akins et al Expert Commentaryinterested in a more complete and accurate assessment of
native and prosthetic valve performance. The main body of
the presentation will contain limited mathematical equations
used to define the concepts discussed. For those so inclined,
the Appendix will contain a more thorough review of the sup-
porting mathematics.
Energy Loss as a Concept
Energy loss not only allows an assessment of the forward per-
formance of a heart valve or prosthesis, but also can account
for any regurgitation. The concept can allow for differing
levels of performance depending on the clinical or anatomic
situation in which the valve or prosthesis performs. Energy
loss allows the investigator to venture beyond the mere raw
assessment of a mechanical device and move forward to as-
sess the impact of valve performance on cardiac function.
Drawing an analogy from another area of cardiac disease, en-
ergy loss would be comparable to assessing the impact of
a specific coronary artery lesion on myocardial performance,
instead of merely measuring the degree or length of a coro-
nary stenosis. Potentially, measurement of energy loss in pa-
tients with concomitant aortic and mitral valve lesions, such
as aortic stenosis and mitral regurgitation, may lead to a more
complete understanding of the impact of the combined path-
ologic conditions on left ventricular function.
As a further analogy, let us look at the various determina-
tions of valve performance as compared to increasingly so-
phisticated ways of looking at the performance of an
automobile engine (Table 1).
Only in the last assessment of each device does one have
the true representation of the impact of the valve or automo-
bile engine on the performance of the heart or vehicle.
To place into perspective the potential value of energy loss
as a means of evaluating patients, for example, those with
aortic stenosis, consider that one patient with a very high sys-
tolic gradient across the aortic valve may have no symptoms,
while another patient with an identical gradient may be very
symptomatic. Indeed, angina pectoris and left ventricular
failure in patients with severe aortic stenosis are verified pre-
dictors of an increased risk of sudden death. Thus valve area
itself is not the sole predictor of symptoms or, by probable
logical extension, sudden death. As noted by Heinrich and
associates,5 both symptomatic predictors of sudden death,
namely angina pectoris or left ventricular failure, reflect
TABLE 1. Progressive performance criteria
Heart valve Automobile engine
Peak gradient Number of cylinders
Mean gradient Cubic inch displacement
Valve orifice area Horsepower
Indexed effective
orifice area
Maximum horsepower at specified RPM
Energy loss Horsepower to weight ratioThe Journal of Thora pathologic level of left ventricular work. Angina pectoris
occurs when myocardial demand for oxygenated blood ex-
ceeds supply. Left ventricular failure owing to severe systolic
load on the ventricle occurs when the demand for left ventric-
ular work exceeds the intrinsic contractile capacity of the left
ventricular myocardium. The assessment of energy loss of
the left ventricle resulting from severe aortic stenosis might
improve the risk stratification of patients with aortic stenosis,
particular those who are clinically asymptomatic, and allow
for more appropriate timing of intervention.
Understanding the Determinants of Energy Loss
Before discussing energy loss to assess heart valve or pros-
thesis performance, we need to develop some understanding
of what energy loss represents and how it is measured.
The following section will define what energy is and de-
scribe the various forms energy can take, the sources of
energy, and its conversion from one form to another in the
cardiovascular system. Finally, the concept of energy loss
will be presented—what energy loss is and what it is not.
Mechanical Energy
Let’s begin with what mechanical energy is and its various
forms. Basically, mechanical energy is the ability to acceler-
ate a mass of material over a certain distance. Although
energy can also be reported in calories or kilowatt-hours, in
the setting of evaluating cardiac performance, energy is mea-
sured in joules. In its simplest form the definition of 1 joule is
as follows:
1,J51,N,m51,Pa,m351,
kg,m2
s2
(1)
where J represents joules (units of energy), N Newtons (units
of force), m meters (units of distance), Pa Pascals (units of
pressure), kg kilograms (units of mass), and s seconds (units
of time).
Equation 1 shows that energy per unit distance has the
same dimensions as force, and energy per unit volume the
same dimension as pressure. In evaluating cardiac perfor-
mance, pressure measurement is most commonly used, and
because of this, the clearest way to report energy in medicine
is on a per unit of volume basis. Hence, this article will report
energy per unit volume of blood. However, it is important to
remember that the pressure measured by catheter, the static
pressure, is only one of several forms of mechanical energy.
Although they share the same units, static pressure and total
mechanical energy per unit volume are not equivalent.
Forms of Mechanical Energy
In the circulatory system, mechanical energy can exist in
three forms: (1) static pressure, (2) acceleration resulting
from gravity, and (3) kinetic energy. Let’s look briefly at
how each of these forms of energy is represented.acic and Cardiovascular Surgery c Volume 136, Number 4 821
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Pressure (p) is a form of mechanical energy per unit volume
that represents a force (Fp) per unit area (A). If a force moves
a mass over a distance (d), it performs work, expending pres-
sure energy (Ep). The area that the force acts on multiplied by
the same distance represents a volume (V):
p5
Fp
A
5
Fpd
Ad
5
Ep
V
(2)
Acceleration due to gravity
Acceleration due to gravity (g) creates another form of
mechanical energy per unit volume. A mass (m) accelerating
due to gravity creates a force (Fg). If this force moves the
mass over a vertical distance (h), it too performs work and
expends gravitational energy (Eg). The energy per unit
volume is obtained by substituting density (r) for mass per
unit volume.
rgh5
mgh
V
5
Fgh
V
5
Eg
V
(3)
Kinetic energy
Mechanical energy per unit volume also can exist in the form
of kinetic energy, or energy of movement. If a mass (m) is
moving at a velocity (v), it contains kinetic energy, equivalent
to half the product of the mass and the square of the velocity:
1
2
rv25
1
2
mv2
V
5
Ek
V
(4)
Again, the energy per unit volume is obtained by substituting
density for mass per unit volume.
Conversion of Mechanical Energy
Pressure, gravitational, and kinetic energies in the circulation
can be freely converted from one form to another without en-
ergy loss. This concept is illustrated by Bernoulli’s equation,
which relates the relative amounts of pressure, gravitational,
and kinetic energy per unit volume between two spatial loca-
tions along a path in the flow, assuming no energy is lost.
1
2
rv211rgh11p15
1
2
rv221rgh21p2 Bernoulli equationð Þ (5)
where 1ˇ/2 rn
2 is kinetic energy, rgh is acceleration owing
to gravity, and p is pressure at locations 1 and 2 in the circu-
lation.
Bernoulli’s equation for steady flow states the total me-
chanical energy per unit volume at two spatial locations is
the same but can exist in different forms. For example,
a decrease in pressure from one location to another may be822 The Journal of Thoracic and Cardiovascular Surgery c Octbalanced by an increase in either fluid velocity or height with-
out loss of total energy. A pressure drop measured between
two locations is, therefore, not mechanical energy loss if it
is accompanied by increases in either gravitational or kinetic
energy. These energies can be converted back to pressure
energy later. (See Appendix Equations A4 and A5.)
Source of Mechanical Energy
The primary source of mechanical energy in the circulation is
work performed by the left ventricle. Ventricular contraction
generates mechanical energy in blood in the form of static
pressure. Conversion of pressure to kinetic energy leads to
movement of a volume of blood.
The energy generated by the ventricle during one cardiac
cycle is depicted in a pressure-volume diagram (Figure 1),
which shows changes in pressure and volume in the ventricle
during one cardiac cycle. The cycle begins with the period of
diastolic filling, when the mitral valve is open and the ventri-
cle fills (Figure 1—curve between points 1 and 2). When the
mitral valve closes, the period of isovolumic contraction be-
gins. For a period of time the volume in the ventricle remains
constant, but the pressure rises rapidly (Figure 1—curve be-
tween points 2 and 3). When the aortic valve opens, starting
the period of systolic ejection, blood moves out of the ventri-
cle into the ascending aorta (Figure 1—curve between points
3 and 4). When the aortic valve closes, the period of isovolu-
mic relaxation begins (Figure 1—curve between points 4
and 1). During this period before the mitral valve opens,
the ventricular volume again remains constant, but the pres-
sure falls, returning to the start of the next cycle.
The energy generated by the ventricle during one cardiac
cycle is equivalent to the integral of the pressure-volume di-
agram (Figure 1, shaded area). The energy per unit volume
Figure 1. Pressure-volume diagram of one cardiac cycle.ober 2008
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pressure diagram divided by the stroke volume. This is
roughly equivalent to the average increase in left ventricular
pressure from diastole to systole. The ventricle thus creates
energy in the form of static pressure, and this energy is con-
verted to gravitational and kinetic energy elsewhere in the cir-
culation.
Mechanical Energy Loss
In addition to its conversion between pressure, gravitational,
and kinetic forms, mechanical energy can be converted to
heat through friction between moving blood and the station-
ary vessel walls. Such heat cannot be reconverted to mechan-
ical energy, and thus energy is said to be lost.
Frictional energy losses take one of three forms: viscous
losses, turbulence losses, and flow separation losses. All
such losses are the result of the fluid interaction with the solid
boundary of the vessel wall. (Additional energy can also be
effectively lost in the circulation owing to valvular insuffi-
ciency and pressure wave reflection.)
Viscous losses
As a result of frictional forces, fluid immediately adjacent to
a solid boundary moves with the same velocity as the bound-
ary. In the case of a stationary vessel, fluid immediately adja-
cent to the vessel wall does not move, no matter how fast the
more central flow is moving. As one moves away from the
solid boundary, the velocity of the fluid increases with re-
spect to the radial distance within the vessel (Figure 2). Fluid
viscosity, the tendency of fluid components or molecules to
‘‘stick’’ to each other, creates friction between the fluid com-
ponents in close proximity if they move at different veloci-
ties. This is the mechanism of viscous energy loss. Viscous
energy losses are proportional to flow rate. Viscous energy
loss is unavoidable but can be reduced in vessel flow by slight
increases in the radius of the vessel. (This is the reason that
vasodilators are helpful in relieving left ventricular work-
load.) (See Appendix Equations A4–A10.)
Turbulent losses
Turbulent losses usually do not occur in the healthy circula-
tion, but when they do, they can be of greater magnitude than
viscous losses. Turbulence is characterized by random spatial
and temporal differences in direction and magnitude of fluidThe Journal of Thovelocity and is the result of the inertia of flow being too great
for frictional forces to stabilize fluid movement. A useful
analogy to turbulent flow can be demonstrated by the move-
ment of a car. As a car approaches a curve in the road and be-
gins to turn, the car undergoes a change in inertia in the
direction of the curve. As long as the car maintains a low ve-
locity relative to the friction that its tires generate to hold it on
the road, the car follows the path of movement of its tires. If it
does not, the frictional forces cannot hold the car on the road,
and it slides across the pavement. This sliding increases the
friction between the tires and the road, resulting in large con-
version of kinetic energy to heat.
Turbulent flow yields similar results. In a straight vessel,
changes in inertia are initiated by small irregularities, or
roughness, on the surface of the vessel. If these irregularities
become large enough, viscous forces can no longer dampen
them, and they propagate changes in inertia elsewhere in
the flow (Figure 3). Friction between fluid components in
close proximity moving at different velocities eventually
converts this random kinetic energy to heat. As in the case
of the skidding car, the tendency for turbulence in fluid
flow depends on the geometry of the path that the fluid
must travel and the ratio of inertial to frictional forces in
the flow. In blood flow this ratio is approximated by the Rey-
nolds number. (See Appendix Equation A3.)
Turbulent losses are in general proportional to the square
of the flow rate and can be eliminated by reducing the Rey-
nolds number below the value at which the flow transitions
into turbulence. Turbulent losses can also be eliminated or re-
duced by smoothing solid surfaces or by removing sharp cor-
ners and bends from the flow geometry, as these can cause
flow to destabilize at lower Reynolds numbers. (See Appen-
dix Equations A11–A13.)
Flow separation losses
Flow separation occurs when slow moving flow near a solid
boundary reverses its direction. In the circulation, such rever-
sal occurs either after the passage of the pressure wave from
the heart or after the flow has experienced a sudden expan-
sion. In both situations flow experiences deceleration, or de-
crease in kinetic energy. Bernoulli’s equation shows that in
the absence of differences in gravitational energy, a decrease
in kinetic energy is accompanied by a rise in downstream
pressure. If such a rise in pressure occurs, it can overcomeFigure 2. Flow velocity profile under laminar
conditions (A) and turbulent conditions (B).racic and Cardiovascular Surgery c Volume 136, Number 4 823
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versing its direction. Substantial energy may be required to
reinitiate the forward movement of the fluid. This is energy
loss resulting from flow separation. Like turbulence, flow
separation originates from changes in fluid momentum, and
energy loss from separation is generally proportional to the
square of the flow rate. Flow separation losses are dependent
on the ratio of the diameter of the small orifice where the ex-
pansion begins to the diameter of the larger vessel where the
expansion is completed. Such losses can be reduced or elim-
inated by ensuring that all flow expansion is gradual, initiat-
ing turbulence in the flow, or orienting oblique obstructions
parallel to the incoming flow direction. (See Appendix Equa-
tions A14–A21.)
For example, Figure 4, a to d, illustrates the impact on
flow separation of various shapes inserted into a flow stream.
With a spherical ball (Figure 4, a) there is considerable flow
separation. If the ball is converted into a teardrop shape (Fig-
ure 4, b), flow separation can be prevented. Gradual expan-
sion allows the low velocity fluid near the vessel wall to
mix with the higher velocity fluid closer to the center of the
vessel as the pressure gradient increases. This mixing gives
forward momentum to the low velocity fluid, preventing its
separation. A protrusion on the downstream portion of the
ball (Figure 4, c) may initiate turbulence in the flow, reducing
the area of flow separation. Turbulence accelerates the rate of
Figure 3. Turbulence resulting from interruption of laminar flow by
an irregularity in a vessel wall.824 The Journal of Thoracic and Cardiovascular Surgery c Octmixing between low and higher velocity fluid, permitting
more abrupt flow expansion without separation. With
a disc shape, typical of a tilting disc valve (Figure 4, d), there
is little to no flow separation. Orienting oblique flow obstruc-
tions parallel to the incoming flow direction reduces the area
over which flow is likely to separate.
Valvular insufficiency
To compensate for regurgitant flow, the ventricle must re-
verse the momentum of this flow and pump the fluid again.
The additional energy required to perform this action while
maintaining the required net forward flow rate represents
an important form of energy loss in patients with valvular
insufficiency. As can be expected, this form of energy loss
is heavily dependent on the regurgitant volume and can be
minimized by reducing regurgitant flow.
Pressure wave reflection
Cardiovascular flow may be slowed by the reflection of the
pressure wave from the ventricle back to its source. This
mechanism is similar to reflection of light waves as they
travel from air through a glass plate. The difference in a prop-
erty called optical impedance between air and glass causes
some of the light waves contacting the glass to be reflected
at its surface. The larger the difference in optical impedance
between air and glass, the greater the percentage of light
waves that are reflected.
Similarly, pressure waves in the circulation may be re-
flected as they encounter changes in vascular impedance.
Most natural changes in vascular impedance are small and
occur due to vessel branching. Pathologic changes in vascu-
lar impedance, such as those that occur between a healthy and
calcified vessel or an aneurysm, can be quite large. Vascular
impedance is a function of the size, thickness, and elasticity
of the vessel. Pressure wave reflection can be minimized by
matching impedance between two adjoining vessels. For
this reason, it is advantageous to match the impedance of
a vascular graft to that of its adjoining vessels.Figure 4. Flow separation created by various
shapes inserted into flow stream: A, spherical
ball; B, teardrop; C, ball with lateral protrusions;
D, disc.ober 2008
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lation, and the magnitudes of these losses are controlled by
different variables. Collectively, they determine the relation-
ship between useful work performed by the left ventricle and
net forward flow rate.
Energy Conversion and Loss in a Stenosis
To put the previous principles into a clinical context, let’s
consider how mechanical energy may be changed from one
form to another, or lost, across a hypothetical arterial steno-
sis. The area of stenosis can be divided into contraction,
throat, and expansion sections (Figure 5).
Contraction section
The first section of the stenosis is a flow contraction (Fig-
ure 5—point 1 to point 2). Because the continuity equation
states that velocity downstream must be higher than that up-
stream, kinetic energy increases across the area of contrac-
tion. This increase in kinetic energy occurs at the expense
of a large amount of pressure. This conversion of pressure
to kinetic energy within the contraction section is the quantity
measured when one estimates the pressure gradient with
Doppler echocardiography. The Doppler gradient does not,
therefore, measure any form of lost driving force for flow.
However, under some geometric circumstances with clinical
stenosis, the conversion of pressure energy to kinetic energy
is correlated quite strongly to total mechanical energy loss. A
relatively small amount of total energy is actually lost in the
flow contraction. Most of the lost energy in flow contraction
is due to viscous losses.
There may, however, be a small amount of flow separation
immediately after particularly abrupt contractions. Flow sep-
aration occurs because the momentum of the flow causes it to
continue to converge for a short period after the anatomic
Figure 5. Energy changes in schematic arterial stenosis: Energy
changes per unit volume of blood (top) and schematic arterial ste-
nosis (bottom).The Journal of Thorcontraction. Such abrupt contractions have considerably
more energy loss than gradual ones.
Throat section
The second section of a stenosis is a throat of constant cross-
sectional area (Figure 5—point 2 to point 3). The continuity
equation states that the velocity at the inlet and outlet of the
throat section must be the same. Therefore, there is no loss
in kinetic energy; the total energy loss in this section is com-
pletely loss of static pressure. Of note, only in nonbranching
vessels of constant cross-sectional area is the measured pres-
sure gradient equivalent to total energy loss per unit volume,
and usually only a small amount of total energy is lost in the
throat section of a stenosis. This energy loss is viscous loss if
the flow is laminar and nearly completely turbulent if the flow
has enough momentum to enable its transition to turbulence.
Expansion section
A large amount of energy is lost in the expansion section of
a stenosis (Figure 5—point 3 to point 4). All of this lost en-
ergy is kinetic energy, which explains why the Doppler gra-
dient correlates so strongly with total mechanical energy loss.
However, the Doppler gradient does not completely represent
total energy loss because a portion of the kinetic energy is
converted into pressure. This is the pressure recovery phe-
nomenon. The expansion section illustrates why pressure
gradients can be misleading in estimating the lost driving
force for flow. Although the static pressure increases in the
expansion section, total energy loss in this section is very
large.
Implications of Pathologic Energy Loss
Energy loss is a normal feature of the circulation. The left
ventricle is designed to generate the amount of energy needed
to overcome these losses in the healthy circulation while
moving blood at a rate necessary for normal cellular metab-
olism. However, pathologic conditions, such as valvular ste-
nosis, valvular regurgitation, or aneurysm, create additional
sources of energy loss. To supply blood at the necessary
rate, the ventricle must perform additional work to overcome
the added energy loss. To do this the ventricle must raise its
systolic pressure and/or volumetric capacity. Both of these
changes result in an increase in stress on the myocardium.
Myocardial Response to Pressure and Volume
Overload
When the heart experiences supernormal hemodynamic pres-
sures or volume loads, the myocardium can hypertrophy and/
or dilate. These compensatory remodeling mechanisms at-
tempt to provide the additional work required to overcome
energy losses.
Although other factors, such as, age, sex, and genetic and
neurohumoral factors, can influence hypertrophy, increased
mechanical stress is a sufficient stimulus to triggeracic and Cardiovascular Surgery c Volume 136, Number 4 825
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tion of myocyte gene expression and lead to molecular, cel-
lular, and interstitial changes within the myocardium. This
biochemical cellular response to mechanical stimuli, known
as mechanotransduction, is not well understood.6
With valvular stenosis, the additional flow impedance
along the outflow tract causes ventricular pressure overload.
Peak systolic pressure increases result in the myocardium
experiencing higher peak systolic stresses, which act as
the trigger for concentric hypertrophy, in which the ventric-
ular wall thickens with the addition of myofibrils in parallel.
The ventricle alters its shape to a more prolate spheroid,
with a decrease in the short axis with respect to the long
axis.
With valvular insufficiency, regurgitation imposes vol-
ume overload on the ventricle. This additional diastolic filling
results in higher diastolic stresses in the myocardium, which
can act as the trigger for eccentric hypertrophy, where myo-
fibrils are added in series, and the myocytes elongate. The
ventricular volume dilates and adopts a more spherical shape
in the process.
Myocardial hypertrophy can occur within hours of onset
of a new stimulus and can double ventricular mass within
a week. In gradually worsening systolic or diastolic stresses,
the hypertrophy can be insidious. The dynamic equilibrium
between hypertrophy and systolic performance is a dominant
theme in all stages of the clinical course of hypertrophy. In
general, hypertrophy compensates for altered stresses; the
additional thickness and altered geometry of concentric
hypertrophy reduce peak systolic myofiber stresses, while
additional capacitance and the more spherical shape of the
ventricle from eccentric hypertrophy reduce diastolic fiber
stresses. Hypertrophy proceeds until fiber stresses are nor-
malized in a negative feedback system.
The feedback mechanisms for the two kinds of hypertro-
phy operate largely independently. With eccentric hypertro-
phy, a certain degree of concentric hypertrophy is also
activated due to the increase in ventricular volume to mass
ratio, which demands additional ventricular work.7
Relation of Myocardial Changes to Energy Loss
Increased energy loss in the circulation elicits genetic and
biochemical changes in the myocardium that result in what
is termed ventricular remodeling. When energy losses are ini-
tially mild, the ensuing ventricular remodeling can be consid-
ered beneficial inasmuch as it improves the performance of
the myocardium. As mechanical stresses and resultant energy
loss increase or as lesions persist over longer periods of time,
the changes occurring with ventricular remodeling them-
selves can become detrimental to the heart, be they excess hy-
pertrophy, marked dilatation, or myocardial fibrosis. The
point at which remodeling transitions from beneficial to det-
rimental has not been well described clinically, mechanically
or biochemically.826 The Journal of Thoracic and Cardiovascular Surgery c OcFortunately, when mechanical stresses are relieved and
energy loss returns to more normal patterns with valvular re-
construction or replacement, in many situations, such as with
aortic stenosis, the detrimental ventricular remodeling can be
reversed. However, in some clinical situations, such as long-
standing aortic regurgitation, correction of the mechanical
stresses and normalization of energy loss may not be reflected
in reverse remodeling, and the detrimental changes to the
myocardium can persist even after the valvular lesion is cor-
rected.
Thus, the actual relationship of energy loss to changes im-
posed on the myocardium is more easily understood in the
causative relationship concerning pathologic remodeling
than it is in reverse remodeling when the energy loss patterns
have been normalized.
Current Limitations of the Use of Energy Loss
Although pathologic energy loss is the quantity that best rep-
resents the increase in workload on the left ventricle, there are
several reasons why such a loss is not routinely used in clin-
ical evaluations. Direct calculation of energy loss is both in-
vasive and complex. Mechanical energy losses are usually
determined by measuring static pressure, velocity, and height
differentials at two locations in the bloodstream. Such a calcu-
lation requires simultaneous temporal knowledge of the
velocity and pressure profiles at these locations. Pressure
gradient and effective orifice area, in contrast, are correlated
with total energy loss and can be estimated noninvasively by
Doppler echocardiography. Nonetheless, there are known pa-
rameters that can be easily and noninvasively measured and
correlate better with energy loss than do pressure gradient
and effective orifice area. The remainder of this article will
focus on the discrepancies between the measurement of pres-
sure gradient and effective orifice area and actual total energy
loss, describe other parameters affecting total energy loss,
and give some examples of how total energy loss may better
be approximated in vivo for the clinical evaluation of aortic
stenosis and prosthetic heart valves. The purposes of this
analysis are to raise questions about current procedures, to
review some newer procedural suggestions from a theoretical
standpoint, and to identify gaps in current knowledge of
problems in the evaluation of bulk flow hemodynamics.
Energy Loss and Aortic Valve Stenosis
Evaluation of stenosis severity with pressure gradient
The pressure gradient across a stenotic aortic valve is depen-
dent on the flow rate across the valve. Because some patients
have considerably higher or lower cardiac outputs than others,
and because a patient’s own cardiac output can vary mark-
edly, the use of an isolated pressure gradient for the diagnosis
of aortic stenosis severity can be misleading. There are also
problems with the use of either echocardiography or catheter-
ization to measure the pressure gradient.tober 2008
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estimation of valve gradients is the phenomenon of pressure
recovery. Properly placed Doppler velocity measurements
will result in an overestimation of the total energy loss in aor-
tic stenosis, and this overestimation may result in misdiagno-
sis. The overestimation is theoretically expected to be largest
in patients with large effective orifice area/aortic cross-sec-
tional area ratios.8 Since clinicians define increasing aortic
stenosis severity by decreasing effective orifice area,9 pa-
tients most likely to suffer from misdiagnosis using Doppler
gradients are those with small aortas. In these patients, the
effects of pressure recovery have been shown to be pro-
nounced.10
Another problem in the use of Doppler ultrasound for
pressure gradient estimation is the placement of the trans-
ducer relative to the axis of the jet issuing from the stenosis.
If the transducer is placed obliquely with respect to the jet
axis, the measured velocity will underestimate the true veloc-
ity.11 Since the errors resulting from pressure recovery and
oblique transducer placement can offset each other, Doppler
ultrasound can at times approximate accurate pressure mea-
surements obtained from catheterization. However, this is
somewhat of a chance occurrence and should be regarded
as the exception rather than the rule.
Aside from its invasive nature, the largest problem with
the use of catheterization to measure pressure gradients is
the placement of the catheter with respect to the valve.12 If
the catheter is placed either too near to or far from the stenotic
valve, it will measure only a portion of the recovered pressure
and result in an overestimation of the total energy loss.
Valvular insufficiency has been observed in many patients
with aortic stenosis. Such insufficiency introduces additional
complications in the estimation of the degree of stenosis by
standard criteria. While commonly used mean, peak, and
peak-to-peak pressure gradients may correlate reasonably
well with mechanical energy loss during forward flow, they
have no correlation with energy loss resulting from valvular
insufficiency. Since such losses can exceed those resulting
from valvular stenosis, the use of forward flow pressure gra-
dients to estimate fluid mechanical energy losses can be
highly inaccurate in patients with concomitant regurgitation.
Evaluation of stenosis severity with effective
orifice area
The effective orifice area is the most commonly used param-
eter to express the severity of aortic stenosis. Aortic stenosis
can be labeled as mild, moderate, or severe9 when the effec-
tive orifice areas are more than 1.5 cm2, between 1.5 and 1.0
cm2, and less than 1.0 cm2. Effective orifice area does not
vary greatly with flow rates in most patients with aortic ste-
nosis, and, therefore, can be used as a descriptive parameter
independent of cardiac output.
Many patients with an effective orifice area of 0.8 cm2 or
lower, however, can be entirely asymptomatic.5 Most of theThe Journal of Thototal energy lost in aortic stenosis is due to the separation in-
volved in flow expansion. In patients with very small aortas,
flow across stenotic orifices may not undergo a large expan-
sion, thereby retaining much of its driving force for flow.
Garcia and associates13 simulated aortic stenoses of the
same effective orifice area but with different aortic diameters
in vitro and found significant differences in energy losses
among the models.
Another possible problem can arise from misinterpreta-
tion of the definition of effective orifice area. Effective orifice
area does not represent the anatomic orifice area; rather it rep-
resents the cross-sectional area of the jet issuing from the
valve at the point of its largest contraction, called the vena
contracta. The size of the effective orifice area depends on
the geometry of the contraction as well as the size of the or-
ifice itself. For this reason, a stenotic valve with a sudden
contraction may have a smaller effective orifice area than
a stenotic valve with a gradual contraction, even though the
two valves have identical anatomic orifice areas (Figure 6).
When catheterization is used to estimate effective orifice
area (EOA), the Gorlin formula is usually applied to estimate
the area of the jet at the vena contracta:
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whereQ is the average forward flow rate during systole,Dp is
the average mean pressure gradient across the valve during
systole, and C is an empirical constant, usually taken to be
equal to one.1 With echocardiography, however, effective or-
ifice area is typically estimated by applying the continuity
equation to echocardiography measurements of the diameter
of the ventricular outflow tract (D), the temporal average of
the velocity in the outflow tract during systole (voft), and
the temporal average of the velocity at the vena contracta
(vvc)
14:
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Figure 6. Differences in effective orifice area depending on abrupt
contraction (A) and gradual contraction (B).racic and Cardiovascular Surgery c Volume 136, Number 4 827
Expert Commentary Akins et alThe effective orifice area is always smaller than the anatomic
orifice area. Therefore, estimations of the effective orifice
area using Gorlin’s formula and the continuity equation are
expected to be smaller than estimations of the anatomic
orifice area using length measurements made by echocardi-
ography or magnetic resonance imaging.
In comparing the Gorlin and continuity equation represen-
tation of effective orifice area, two subtleties should be kept
in mind. The first is that for an accurate estimation of the ef-
fective orifice area, the pressure gradient term in the Gorlin
approach should be the Doppler gradient. As the Gorlin
formula is most often used with catheter measurements,
Equation 6 can be expected to overestimate effective orifice
area, due to the pressure recovery phenomenon. However,
this formulation, while not representing the effective orifice
area, may be useful in evaluating the severity of aortic steno-
sis.10 The second subtlety is that all variables in Equations 6
and 7 are averages during the systolic period. Instantaneous
values of pressure and flow rate cannot be used in Equation
6 unless taken at peak flow rate, because the Gorlin formula
is derived using Bernoulli’s equation for steady flow, which
is invalid in situations where there is a large net temporal ac-
celeration or deceleration in flow. Averages over the entire
cycle may not be relevant either, especially if aortic regurgi-
tation occurs concurrently.15 Most techniques for estimation
of forward flow rate (Fick’s method, thermal- and dye-dilu-
tion) are averages over the entire cardiac cycle (Qnet). If no
regurgitation is present, these methods can be used to esti-
mate the average forward flow rate during systole, which is
Q in Equation 6. However, if aortic regurgitation is present,
direct application of Gorlin’s formula will result in an under-
estimation in effective orifice area, as:
Q5
Qnet
12RFð Þ (8)
where RF represents the regurgitant fraction of the aortic
valve.13
Like pressure gradient, effective orifice area is a character-
istic of forward flow and cannot give information about en-
ergy losses owing to valvular insufficiency.
Parameters affecting energy loss
As described above, much more mechanical energy is lost in
flow expansion than in either flow contraction or in the throat
regions of arterial stenoses. The localization of energy loss to
the flow expansion region is more pronounced in aortic valve
stenosis than in arterial stenosis owing to the gradual nature of
the flow contraction, the short length of the throat, and the
abruptness of flow expansion in aortic valve stenosis. Total
energy loss in aortic valve stenosis occurs almost completely
in the expansion section.16 This simplifies the problem con-
siderably by allowing energy losses occurring in aortic valve
stenosis to be modeled by an abrupt expansion.828 The Journal of Thoracic and Cardiovascular Surgery c OcThe total energy loss per unit volume across an abrupt ex-
pansion (see Appendix) can be rewritten as the following for
the situation of aortic valve stenosis:
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where Fas is energy loss, vvc is the temporal average of the
velocity at the vena contracta and r is the density of blood.
Energy loss over an aortic valve stenosis is a strong function
of the effective orifice area (EOA) of the valve and the cross-
sectional area of the aorta (Aaorta). As this area ratio ap-
proaches zero, the energy loss per unit volume in the expan-
sion approaches the Doppler gradient. Thus, in cases of
severe aortic valve stenosis, the Doppler gradient is equiva-
lent to mechanical energy loss per unit volume. The Doppler
gradient is worst in estimating the recovered pressure gradi-
ents in patients with small aortas because the area ratio is
further from zero in these patients than in others. The
cross-sectional area of the expansion should be taken as the
cross-sectional area of the aorta at the sinotubular junction,
as the separated flow disappears after the flow has traversed
the sinuses of Valsalva.17
Geometric changes in the aortic inflow tract resulting from
left ventricular hypertrophy can lead to further energy losses.
In severe hypertrophy, bloodmay approach the valve from up
to 45 as it is turned around the protruding wall of the ventric-
ular septum.18 Subaortic obstruction has been observed to
constrict the outflow tract diameter to a length as small as
6 mm.19 Subaortic obstruction, in particular, has been identi-
fied with substantial pressure gradients, and concomitant sur-
gical removal of such obstruction has been recommended
when replacing the aortic valve.20
In addition to energy loss from forward flow across the
aortic valve, there is energy loss from leakage when the valve
is insufficient. The regurgitant flow rate (Qreg) is a function of
the regurgitant orifice area (ROA) and the pressure difference
(Dp) across the closed valve. These three quantities are re-
lated in a way similar to that of how forward flow rate, pres-
sure difference across the open valve, and the effective orifice
area are related by Gorlin’s formula.21
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Examples of more effective energy loss evaluation
Accurate clinical determination of total energy loss in all clin-
ical settings has not been elucidated to date. However, several
groups have used various estimates of energy loss to try to
better define the severity of aortic stenosis and its natural his-
tory.tober 2008
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including peak jet velocity, mean pressure gradient, left ven-
tricular stroke work loss, aortic valve area, and aortic valve
resistance, to assess aortic stenosis clinically and to evaluate
them as predictors of outcome, such as symptoms, risk of
a late event, and all cause mortality. Of the indices tested,
the best predictor of all outcomes investigated was left
ventricular stroke work loss. That concept [defined as:
100$DP/(DP 1 SPB), where DP is mean transvalvular sys-
tolic pressure gradient and SPB is systolic blood pressure],
and which was expressed as a percentage, was defined de-
cades ago by Tobin and colleagues.23
Heinrich and coworkers5 showed both analytically and
through in vitro experiments that the ratio of effective orifice
area to aortic cross-sectional area was correlated with energy
loss. As this ratio decreased below a value of 0.2, total energy
losses increase in an exponential manner. The clinical valid-
ity of this approach had been made years earlier by Oh and
coworkers,24 who suggested that the left ventricular outflow
tract velocity/stenotic orifice velocity ratio be used as a mea-
sure of the severity of aortic valve stenosis. The area and ve-
locity ratios can be shown by continuity to be equivalent if
the cross-sectional area of the left ventricular outflow tract
is equivalent to the cross-sectional area of the aorta. Oh
and coworkers found that a velocity ratio lower than 0.25
had a high correlation with symptoms of severe aortic steno-
sis in patients.
The commonly used indexed effective orifice area (effec-
tive orifice area indexed to body surface area) suggested by
Dumesnil and Yoganathan25 may evaluate total energy loss
as well as the ratio of the effective orifice area to aortic
cross-sectional area. This is likely due to the close correlation
between the aortic cross-sectional area and the patient’s body
surface area. However, if this correlation is invalid for a par-
ticular patient, the ability of this index to estimate stenosis se-
verity will be compromised. Tongue and associates26 have
showed a strong correlation between the body indexed effec-
tive orifice area and symptoms of aortic stenosis severity in
patients.
In 2003, Garcia and coworkers10 described what they
termed the energy loss coefficient to evaluate the severity
of aortic stenosis. This coefficient is defined by Gorlin’s for-
mula, either using the recovered pressure gradient instead of
the Doppler gradient or by using the effective orifice area and
echocardiographic measurements of aortic diameter. The en-
ergy loss coefficient does not represent an actual area but in-
stead describes the relationship between flow rate and total
energy loss across the aortic valve. Garcia’s group demon-
strated a strong correlation between the energy loss coeffi-
cient obtained from catheter measurements and from
Doppler measurements in vitro, in animals, and in patients.
Tongue and colleagues26 showed a strong correlation be-
tween the energy loss coefficient and symptoms of aortic ste-
nosis severity in patients.The Journal of ThoRecently,Garcia, Pibarot, andDurand16 presented ameans
of calculating instantaneous energy loss per unit volume
across the aortic valve in an explicit fashion, based only on
effective orifice area, aortic cross-sectional area, flow rate,
and the change in flow rate with respect to time. This method
was accurate in controlled in vitro tests and may hold some
promise in future clinical use.
Energy loss owing to regurgitant flow must be considered
in patients with concomitant valvular insufficiency. To our
knowledge, no clinical studies of energy loss resulting from
aortic valve insufficiency have been made, but some studies
have assessed mitral regurgitation. MacIsaac and associates27
studied energy transfer from the left ventricle to the left
atrium in patients with severe mitral regurgitation. They di-
vided this transfer into two forms: kinetic energy and poten-
tial energy (static pressure) transfer. The kinetic energy
transfer, sometimes referred to as ‘‘left atrial kinetic energy,’’
can be estimated by echocardiography, whereas potential en-
ergy transfer could only be estimated indirectly. Theoreti-
cally, all kinetic energy transferred across the incompetent
valve should be lost, whereas some potential energy trans-
ferred may be used to drive forward flow again. Teien and
colleagues28 found a strong correlation between the left atrial
kinetic energy and increases in ventricular work in porcine
animal models. They stated that the left atrial kinetic energy
is at least as important a determinant of ventricular work as
regurgitant volume.
An estimation of such energy loss per unit volume net for-
ward flow owing to regurgitant flow can be made by assum-
ing that regurgitant flow rate is constant over the diastolic
period and changes in gravitational and kinetic energy are
negligible with respect to changes in pressure energy. Under
these conditions,
Freg5Dp,RF (11)
whereFreg is energy loss,Dp is the average pressure gradient
across the closed valve during diastole, and RF is the regur-
gitant fraction. The total energy loss caused by a stenotic, in-
sufficient valve is equivalent to the sum of forward and
regurgitant flow energy loss, which allows a potential method
of evaluation of the impact of mixed valve disease on ventric-
ular function.
Prosthetic Heart Valve Performance
Evaluation of prosthetic valve performance with
pressure gradient
Like pressure gradients across native aortic valve stenoses,
pressure gradients across prosthetic valves depend on the
flow rate across the valve. However, unlike in the clinical
evaluation of native aortic stenosis, evaluation of prosthetic
valve performance is usually performed with a standard for
comparison between pressure drop and flow rate. Pressure
gradient is therefore a useful tool in the evaluation ofracic and Cardiovascular Surgery c Volume 136, Number 4 829
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ical measurement of pressure gradient in patients with Dopp-
ler echocardiography, however, the problems of pressure
recovery and measurement at an oblique angle are problem-
atic. Pressure recovery can be expected to cause problems in
the estimation of pressure gradient in patients with prosthetic
valves because these valves usually present with only a small
degree of stenosis.
Additional complications arise in using pressure gradient
to evaluate the total energy loss across mechanical prosthe-
ses. The first problem is that considerable difference between
Doppler and catheter gradients may exist, which does not re-
sult from pressure recovery, because mechanical prostheses
have more than one orifice and each orifice may offer a differ-
ent resistance to flow. Velocity measurements made in the
one orifice are not necessarily representative of the gradient
in either pressure or total energy as flow traverses the valve.
This is a particular problem with bileaflet prostheses,29 be-
cause the central orifice of most current designs of these pros-
theses creates considerably more resistance to flow than the
two lateral orifices.30 The difference between Doppler and
catheter gradients has been so notable for mechanical pros-
theses that empirically derived correction factors, dependent
on specific valve design, have been suggested to the Food and
Drug Administration for the correlations between the mea-
sured Doppler gradient and the desired pressure gradient.31
Some studies claim a negligible difference between pressure
gradients measured with catheter and Doppler, particularly
with regard to mean gradients.32 However, because of its po-
tential problems, the use of Doppler to evaluate the perfor-
mance of mechanical prostheses should be approached with
care, and Doppler measurements from the same orifice are
desirable if they are to be compared.
Another problemwith using pressure gradients to evaluate
total energy loss across mechanical prostheses is that nearly
all mechanical prostheses used today have some leakage in-
corporated into their design. Pressure gradient information is
useful to evaluate the forward flow energy loss of prosthetic
valves after they are implanted. However, when choosing
a valve based on its ability to assist in the movement of blood
through the circulation, energy loss from leakage as well as
from forward flow should be considered. Energy loss from
leakage flow is not very large compared with forward flow
energy loss in small aortic valves, but it can be greater than
energy loss from forward flow in larger prostheses, particu-
larly those in the mitral position.33
Evaluation of prosthetic valve performance with
effective orifice area
Like pressure gradients, prosthetic valve effective orifice
areas can only be correlated with forward flow energy loss.
Since much of the energy loss in mitral prostheses can
come from leakage, the effective orifice area may not be
the best criterion to judge the suitability of large mechanical830 The Journal of Thoracic and Cardiovascular Surgery c Octimplants for the mitral position. Estimations of the effective
orifice area from the continuity equation (Equation 4) have
the same multiple orifice problem as Doppler gradient mea-
surements, as Equation 4 is used with echocardiography.
Parameters affecting energy loss
During forward flow, total energy loss across prosthetic heart
valves is a function of valve type, size, orientation, and posi-
tion. Of currently implanted valves, stentless bioprostheses
offer the least resistance to flow, followed by bileaflet me-
chanical designs, tilting disc designs, and stented bioprosthe-
ses, as tested in vitro.34 Larger valves cause less resistance to
forward flow than smaller valves. To limit energy loss, one
should avoid tilting the housing of the valve relative to the an-
nulus to maximize the effective orifice area,35 and orient the
occluder of the valve parallel to the incoming forward flow
when the occluder is in the fully open position to minimize
drag.36 Forward flow energy losses are particularly problem-
atic in aortic valve replacement in small patients.37
Energy loss over closed prosthetic valves during leakage
flow is governed by valve type, size, and position. Biopros-
theses do not leak if functioning properly. Bileaflet mechan-
ical designs tend to have more energy loss owing to leakage
than tilting disc designs.33 Larger valves leak more than
smaller ones. Regurgitant energy loss is most problematic
in positions where the pressure gradient during closure and
leakage is high and where the duration of leakage is long.
For example, these losses can exceed forward flow energy
losses in large mitral prostheses.33
The presence of paravalvular leak, calcification or tearing
of bioprosthesis tissue, structural dysfunction of mechanical
components, or formation of pannus or thrombus at or near
the orifice may increase energy loss after valve prosthesis im-
plantation. The effects of these events on energy loss can be
very high if either the opening or the closing of the valve is
impeded.
Examples of more effective energy loss evaluation
Total energy losses over the cardiac cycle can be accurately
estimated in vitro, inasmuch as flow, pressure, and velocity
can be measured simultaneously at several locations. Al-
though measured pressure gradients and estimated effective
orifice areas can have strong correlations with forward flow
energy loss, they give no information during the leakage
phase, when the valve is closed. Leakage flow represents
blood that must be pumped again through the valve, an ad-
ditional source of energy loss. When choosing a valvular
prosthesis for implantation, it would be preferable to use
the sum of forward flow and leakage energy losses, rather
than isolated pressure gradient or effective orifice area infor-
mation, as a standard in the comparison of hemodynamics.
This is most important in the implantation of larger prosthe-
ses or mitral prostheses. Energy losses between different
prostheses can only be compared when evaluated underober 2008
Akins et al Expert Commentarysimilar and physiologically relevant flow and pressure con-
ditions.
For the clinical evaluation of prosthetic valve performance
in a particular patient, methods for the estimation of energy
loss more effective than the use of pressure gradient and
echocardiography to investigate possible problems in open-
ing and leakage have yet to be thoroughly investigated. How-
ever, accurate methods for evaluation of energy loss in native
aortic valve stenosis are likely applicable to the clinical eval-
uation of the energy loss caused by bioprostheses placed in
the aortic and pulmonary positions of a patient. This is due
to the similarity in geometry between aortic stenosis and
these prosthetic designs. Each of these cases involves a single
orifice opening abruptly into a tubular expansion.
Summary
Methods describing the severity of native heart valve lesions
and functional performance of prosthetic heart valves have
not kept pace with available technologies, clinical methods
of evaluation, or derived indices of valve performance that
represent their impact on ventricular function. Although the
concept of energy loss has been understood for many years,
its use was hampered by difficulty in obtaining the clinical
performance measurements needed to calculate energy loss.
Noninvasive clinical techniques to measure the quantities
needed to estimate energy loss have become universally
available and widely used but have not been associated
with an advance in the derived measurement of energy
loss, the most important estimate of the impact aspect of na-
tive and prosthetic valve function on left ventricular function.
We believe the time has come for clinicians and researchers
to move past rudimentary measurements of valve systolic
function and focus on the effect of total valve performance
on heart function, namely energy loss. It is not the valve; it
is the ventricle that ought to be the focus of evaluation.
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Appendix: Mathematical Explanations
Bernoulli’s Equation Corrected for Energy Loss
Bernoulli’s equation for steady flow can be corrected by add-
ing a term (V) to account for energy loss per unit volume oc-
curring between points 1 and 2.
1
2
rv211rgh11p15
1
2
rv221rgh21p21F (A1)
Thus the energy loss per unit volume can be expressed as:
F5 p12p2ð Þ11
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Physical Explanations of Energy Loss
Reynolds number. The Reynolds number can be de-
scribed as an approximation to the ratio of inertial to fric-
tional forces in a flow. The inertial force of a moving flow
is the force required to bring the flow to rest, whereas the fric-
tional force of such a flow is created by viscous shear stress
acting on solid surfaces. In vessel flow, the Reynolds number
is often expressed as:
NRe5
Dvr
m
(A3)
where D is the inner diameter of the vessel, v is the average
velocity of the flow, r is the fluid density, and m is the fluid
viscosity.
Viscous losses. An example of viscous losses is repre-
sented by the pressure loss across a horizontal, straight vessel
under steady, laminar flow. Under these conditions, gravita-
tional and kinetic energy in the flow do not change over the
length of the vessel, and Equation A2 becomes:
F5p12p2 (A4)
Under steady flow, there is always a balance in the vessel be-
tween pressure forces acting on the cross-sectional area of the
inlet and outlet of the vessel and the viscous shear stress on
the vessel walls. Pressure forces result from pressure acting
on the cross-sectional area of the inlet and outlet of the vessel,
and shear forces result from shear stress acting on the area of
the inner vessel wall. The force balance can therefore be rep-
resented as:
1
4
pD2p12
1
4
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where D is the inner diameter of the vessel, L is the vessel
length, p1 is the pressure at the entrance to the vessel, p2 is
the pressure at the exit of the vessel, and tw is the shear stress
on the vessel walls. Combining Equations A2 and A3, energy
loss can be defined as:
F5
4Ltw
D
(A6)
Under laminar flow conditions, where only viscous energy
loss is present, the ratio of kinetic energy per unit volume
in the flow to shear stress on the vessel walls is analogous
to the ratio of inertial to frictional forces in the flow, the quan-
tity which is approximated by the Reynolds number. In lam-
inar flow through a circular vessel, ratio of kinetic energy per
unit volume in the flow to shear stress on the vessel walls dif-
fers from the Reynolds number by a numerical factor of 16:
1
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where r is the fluid density, v the average velocity, and m the
fluid viscosity. Combining Equations A6 and A7:
F5
32Lmv
D2
(A8)
If the flow rate:
Q5
1
4
pD2v (A9)
is substituted for average velocity, Equation A8 becomes:
F5
128
p
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ometry are inversely proportional to the fourth power of the
vessel diameter, which is why such losses decrease very
quickly with small increases in vessel radius. This equation
also shows that viscous energy losses are directly propor-
tional to the flow rate, vessel length, and fluid viscosity.
Turbulent losses. Equations A4 to A6 are also valid for
the energy loss across a horizontal, straight vessel under
fully turbulent flow. The ratio of kinetic energy per unit vol-
ume in the flow to shear stress on the vessel walls, however,
is more of a function of the roughness of the vessel wall than
the Reynolds number. This is characterized by an empiri-
cally determined factor f, which is a function primarily of
surface roughness and has a small dependence on Reynolds
number:
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Combining Equations A11 and A6,
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Combining Equations A12 and A9 to express Equation A12
in terms of flow rate:
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32f
p2
Q2rL
D5
(A13)
Typical values of f for turbulent flow in vessels do not vary
considerably with Reynolds number. Taking f to be approx-
imately constant for a given vessel, Equation A13 shows that
turbulent losses are dependent on fluid density and have only
small viscosity dependence. This can be expected, inasmuch
as turbulence is initiated by changes in fluid momentum
rather than viscous shear. Turbulent losses are in general pro-
portional to the square of the flow rate, which is also demon-
strated by Equation A13.
Flow separation losses. An example of flow separation
losses is represented by a sudden expansion of flow from
a horizontal vessel of cross-sectional area A1 to vessel of
cross-sectional area A2. Under these conditions, gravitational
energy in the flow does not change over the length of the ves-
sel, and Equation A2 becomes:
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Newton’s second law states that any change in momentum of
the flow must be accompanied by a force. In this case, theThe Journal of Thochange in momentum of the flow as it travels from point 1
to point 2must be caused by a difference in the pressure acting
on the cross-sectional area of the inlet and outlet of the vessel.
This is the source of the pressure recovery phenomenon:
p1A22p2A25m v22v1ð Þ (A15)
wherem is the mass flow rate and A1 and A2 are the cross-sec-
tional areas at points 1 and 2, respectively. It is worth noting
that in an abrupt flow expansion such as that shown in
Figure A2, the pressure at point 1 acts on the downstream
area A2. Combining Equations A14 and A15,
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The mass flow rate can be rewritten in terms of the fluid den-
sity and the velocity and cross-sectional area at the vessel in-
let:
m5rv1A1 (A17)
Combining Equations A16 and A17,
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The downstream velocity can then be expressed in terms of
the upstream velocity by the continuity equation:
v25v1
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(A19)
Combining Equations A18 and A19:
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Combining Equations A9 and A20:
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Equation A21 shows that flow separation losses, like turbu-
lent losses, are initiated by changes in fluid momentum rather
than viscous shear. Such losses have no viscosity dependence
and are proportional to the fluid density and the square of the
flow rate. Equation A20 also shows that flow separation los-
ses are heavily dependant on the ratio of cross-sectional areas
between the smaller and larger vessels.racic and Cardiovascular Surgery c Volume 136, Number 4 833
